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The nacreous layer in seashells is known for two phenomenal aspects: light-weightiness and superior
fracture toughness. Of a multitude of toughening mechanisms, the highly meandering nature of the crack
path through its staggered architecture has been reported to contribute approximately a third of its over-
all toughness. In the current article, we are trying to establish the scientiﬁc rationale associated with the
inﬂuence of overlap length on the crack-tip driving force from a local perspective via development of a
simpliﬁed analytical model. Characteristic overlap lengths computed showed reasonable agreement with
the values reported in the nacreous layer and previously published experimental data. Biomimetic design
guideline obtained from the current investigation would thereby lead to development of synthetic stag-
gered architecture materials with improved stiffness, load-transfer and toughness.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The nacreous layer in seashells comprises of overlapping cera-
mic tablets embedded in a polymeric matrix (Jackson et al.,
1988; Sarikaya et al., 1990) in the form of a brick and mortar struc-
tural arrangement. In our current article, we have attempted to
understand the topological principles in the nacreous layer that
contributes to minimizing the crack driving force (from a local per-
spective) via development of a simpliﬁed analytical model. Ex-
cerpts gathered from this investigation would ultimately lead to
identifying design guidelines which would promote development
of synthetic staggered architecture composite materials with im-
proved load-transfer, toughness and stiffness.
The nacreous layer is an ideal model for biomimetic inspiration
(Barthelat and Espinosa, 2007; Jackson et al., 1988; Kessler et al.,
1996; Kamat et al., 2000; Sarikaya et al., 1990). In addition to being
both strong and stiff, it exhibits two additional predominant and
promising aspects: light weight and superior fracture toughness.
The toughness has been attributed to existence of a multitude of
toughening mechanisms, namely tablet pull-out (Jackson et al.,
1988), crack deﬂection through the biopolymer (Menig et al.,
2000), platelet interlocks (Katti et al., 2005), presence of
nanoasperities (Evans et al., 2001; Wang et al., 2001), diffusive
tablet sliding (Barthelat et al., 2007) arising from tablet waviness,
aragonite bridge reinforcements at interface (Song et al., 2003),
re-locking of tablets (Meyers et al., 2008) due to persistent contactof broken aragonite bridges, and synchronized deformation
twinning of the nano-scale particles in ceramic bricks (Huang
et al., 2011). All the aforementioned factors contribute to both
interfacial strengthening and fracture resistance in varying degrees
of resistance. What contributes to the superior load-transfer and
energy dissipative capabilities of the nacreous layer is the mean-
dering nature of the crack path throughout its architecture (Li,
2007). It has already been reported in the past by Jackson et al.
(1988) that approximately a third of the toughness of wet nacre
samples has been associated with tablet pull-out. As per Barthelat
and Espinosa (2007), J = JO + (JB + JW) where JO, JB and JW correspond
to intrinsic toughness, toughness associated with crack bridging
and toughness contribution from the process zone. In their inves-
tigations, it was found out that J  1.5 kJ/m2, JB = 0.021 kJ/m2,
JW = 0.75 kJ/m2, which implies that JO  0.73 kJ/m2. Clearly it can
be seen that the contribution from intrinsic toughening via crack
deﬂection is approximately half of the overall toughness. Presence
of weak interface contributes to stress redistribution around the
vicinity of strain-concentration locales thereby promoting stress
shielding and thus leading to toughening via crack deﬂection
(Clegg et al., 1990; Launey and Ritchie, 2009). Note that higher
the energy required to drive the crack throughout the individual
microscopic unit cells, higher will be the energy dissipated and
consequently superior will be the toughness of the nacreous layer
on a macroscopic level. Till date, a number of literature studies
have attempted to address the behavior of the staggered architec-
ture materials on the basis of interdependence of material proper-
ties and geometrical parameters. Table 1 provides the references
and the approach adopted by various researchers with reference
to modeling of biological composites, in a brief manner.
Table 1
Recent advances on modeling staggered architecture biological composites by various researchers.
Authors Description
Jager and Fratzl (2000), Kotha
et al. (2000)
Predicted modulus of staggered architecture composites along the longitudinal direction of the inclusions as a function of aspect
ratio and concentration of the inclusions
de Gennes and Okumura (2000),
Okumura and de Gennes
(2001)
Developed an analytical model based on laminar architecture of seashells to account for the existence of weaker stress
concentration ahead of the crack tip in these materials in comparison to traditional isotropic elastic materials along with an
examination of the effect of differential stiffness of inclusions and interfaces
Gao et al., 2003 Developed the tension-shear-chain (TSC) model to describe the mechanics of staggered architecture composites and study the
mechanical properties of these type of biological composites
Shuchun and Yueguang (2007) Studied the interdependence of the elastic modulus of the composite and number of hierarchical levels in bone-like materials via
comparison of their results against TSC model and FE (ﬁnite element) simulations
Zhang et al. (2010) Investigated the effect of platelet distribution (regular, stairwise, random) on stiffness, strength, failure strain and energy absorption
capability in materials exhibiting staggered architecture
Zhang et al. (2011) Used a quasi-self-similar hierarchical model to comprehend the existence of an optimal number of hierarchical levels in biological
composites
Liu et al. (2011) Provided analytical expressions for displacement and stress ﬁelds in staggered nanocomposite structures under static loading
conditions under uniaxial tension
Barthelat and Rabiei (2011) Developed a micromechanical model taking into consideration the effect of toughening associated with the process zone
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structure in 2-dimensions comprising of overlapping mineral tab-
lets having distinct overlap and core regions. The overlap region
is responsible for inter-mineral load transfer via shear deformation
of the polymer. One might consider what could possibly be the rea-
son associated with the existence of speciﬁc overlap length in the
nacreous layer in seashells. Analytical models and numerical sim-
ulations have been developed and certain criterion been proposed
to address this aspect as listed in Table 2 below.
An extensive set of literature exists on modeling and experi-
mentation of adhesively bonded structures under quasi-static rates
of loading. For instance, Oplinger (1994) furthered the Goland and
Reissner analysis by decoupling adhesive layer deﬂections in two
halves of the joint in bending deﬂection analysis. Investigation by
Tsai et al. (1998) developed theoretical solutions which predicted
adhesive shear stress distribution in single- and double-lap joints
by taking into consideration the assumption of linear shear stress
distribution through adherend thickness. Predictions by theoretical
model were in good agreement especially for the case of ﬁber com-
posite adherends. Investigations by Chiang and Chai (1998) fo-
cused on modeling and obtaining full-ﬁeld, plane-strain
elastoplastic solutions for adhesively bonded structures with an
interfacial crack deforming in shear, where the adhesive was mod-
eled as elastic perfectly plastic material and adherend considered
as both rigid and compliant. It was observed that during the initial
stages of loading, the plastic deformation of crack-tip was shear
dominated along the interface irrespective of existing triaxiality.
Chai and Chiang (1998) provided quantitative insight into theTable 2
Recent advances on investigating existence of characteristic overlap length in staggered a
Authors Description
Gao (2006) Developed the principle of ﬂaw tolerance to address the asp
composites. Additionally, genetic algorithm (GA) optimizatio
microstructural arrangement in an attempt to optimize stiffn
Chen et al. (2009) Under static rates of loading, the existence of characteristic
biocomposites
Wei et al. (2012) Under static rates of loading, the existence of unique overlap
strength and toughness frontiers in staggered architecture bi
in terms of elastic strain energy density
Dutta et al. (2013) From the perspective of impact rates of loading, existence of
transfer efﬁciency
Barthelat et al. (2013) Developed a criterion to predict reinforcement failure mode
into consideration presence of a ﬂaw in the reinforcement
Dimas and Buehler
(2013)
Used molecular mechanics based model to show that by utiliz
interactions, it is possible to achieve superior toughness in st
constituents in the linear elastic regime is responsible for comechanics of other failure modes observed during experimenta-
tion. Microdebond growth occurring ahead of the crack tip was
stipulated to be controlled by bond-normal tensile stress whereas
tensile stresses (hydrostatic in nature) were considered responsi-
ble for kinking ahead of the crack tip which subsequently promotes
crack arrest. All these and other failure modes are activated under
large strains, which manifests the importance of plasticity in the
fracture of polymeric joints. Kafkalidis and Thouless (2002) used
cohesive-zone approach in lap-joint analysis to take into account
cohesive properties of the interface and plastic deformation of
the adherend. Luo and Tong (2004) presented analytical models
for analyzing thin and thick adhesive bonded structures via taking
into consideration linear variations of displacement components
across the adhesive thickness, higher order displacement theory
(HODT), longitudinal strain and the Poisson’s effect of the adhesive.
The predicted shear and peeling stress distribution was compared
against classical Goland and Reissner theory followed by numerical
validation. Tsai and Morton (2010) used full-ﬁeld Moire interfer-
ometry to study in-plane deformations of the edge surface of joint
overlaps and compared it with shear-lag solution and linear elastic
2D ﬁnite element model for double lap joints with unidirectional
and quasi-isotropic composite adherends.
Since the current scenario under consideration is representative
of an interface fracture problem, on a conservative approach it is
opportune to consider that an interface is asmuch fracture resistant
as the least tough participating component in the system. As per
Grifﬁth criterion, cracks will initiate and delamination or cohesive
failure will occur in the unit-cell once the crack driving force (raterchitecture biological composites by various researchers.
ect of choice of nanometer sized inorganic reinforcements in natural structural
n scheme was employed to illustrate the reason behind evolution of staggered
ess and toughness for mechanical support and ﬂaw tolerance
length was attributed to attainment of efﬁcient stress transfer in staggered
length in biological composites was attributed to an attempt to optimize both
ological composites. Note that, the toughness in their investigations was deﬁned
optimal overlap length was attributed to an attempt to obtain maximum shear
(either via pull-out or tablet fracture) in staggered architecture composite taking
ing elastic constitutive laws for the matrix and tuning the matrix–reinforcement
aggered architecture composite systems. They proposed that stiffness ratio of the
ntrolling deformation and fracture mechanism in biological composite systems
Fig. 1. Toughening mechanisms associated with nacre (adapted from Launey and
Ritchie, 2009) and region under consideration.
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tance (rate of energy dissipated) of either the biopolymer itself, or
that of the interface. The objective thus is to ﬁnd out how structural
overlap length is responsible for minimizing crack initiation. Under
given set of loading conditions, if overlap length is adopted such
that crack tip driving forces required for crack initiation can be kept
to a minimum, higher will be load that further needs to be applied
to elevate the energy required to attain the fracture resistance of
the barrier(s) to promote delamination (shown later in Fig. 5) in
the unit-cell. This would in-turn raise the toughness associated
with the individual unit-cells which would contribute to global
toughness of the composite. The main outcome of the developed
analytical model in the current study is to obtain a simpliﬁed
expression for crack driving force in terms of local ﬁnite stress con-
centrations in the biopolymer layer of nacre. This would in-turn
provide an insight into the severity of load carried and transferred
by the joint. Finally, the article concludes with validation of the
hypothesis against previously published experimental data fol-
lowed by proposing a design guideline to guide staggered architec-
ture composite development to obtain optimized performance in
terms of stiffness, load-transfer and toughness.Fig. 2. (a) Schematic of staggered architecture of calcium carbonate bricks (shown
in green) in biopolymer matrix (shown in yellow); (b) expanded view of the 2-
dimensional unit cell structure (with plane strain inﬁnitesimal deformation)
showing the pre-cracked length (L1) and instantaneous overlap length (L2) and
coordinate systems; (c) expanded view of the 2-dimensional unit cell structure
(with plane strain inﬁnitesimal deformation) highlighting the elemental blocks and
the original overlap length (Lo); (d) splitting of parent crack tip for crack driving
force calculations; (e) schematic identifying shear and normal force resultants Nc
and Qc respectively. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)2. Analytical model
The remarkable macroscopic toughness of nacre is a result of all
the microstructural mechanisms taking place ahead of the crack tip
(otherwise referred to as intrinsic toughening), behind the crack tip
(otherwise referred to as extrinsic toughening), around the crack
tip and at the crack tip (Launey and Ritchie, 2009) as shown in
Fig. 1. Intrinsic toughening is associated with the role of type, size,
distribution of reinforcement and its interfacial properties with the
binding matrix. Crack growth ensues from extrinsic toughening
whereas crack initiation is primarily dependent upon intrinsic
toughening. Thus it is imperative to understand the role of mi-
cro-architecture in the nacreous layer in allaying crack initiation.
In the current study, we will try to better understand the design
principle in the nacreous layer from a fracture mechanics perspec-
tive from the point-of-view of intrinsic toughening.
In order to address this, we develop our analytical model by tak-
ing into consideration a unit cell with plane strain inﬁnitesimal
deformations, as shown in Fig. 2. Following are the assumptions
associated with the analytical model:
(1) One-dimensional analysis.
(2) Participating members exhibit linear elastic behavior (cera-
mic bricks, bio-polymer).
(3) Normal stress distribution in the ceramic bricks (no
bending).
(4) Consideration of both shear and peeling stress distribution
in the bio-polymer.
(5) Since the bio-polymer is very thin (20 nm) in comparison
to the brick thickness (500 nm), the stress distribution is
considered uniform throughout the joint thickness (Luo
and Tong, 2004).
(6) Since no bending has been assumed, there is no rotation of
the transverse normal about the y-axis, which is directed
into the plane of the paper.
The unit cell has been discretized into four elemental blocks (la-
beled 1–4). The total width of the mineral tablets is 2b and thick-
ness of the biopolymer is given by g. Local rectangular Cartesian
coordinate system for elemental blocks 1–4 have been deﬁned as
shown in Fig. 2.
With reference to Fig. 2, x, x1, and x2 represents horizontal axes
with different origins (along the longitudinal direction of thebricks) and the z direction is associated in the thickness direction.
With reference to Fig. 2(b), as a starting point, it has been consid-
ered that there is a pre-existing void (of length, a0), an incremental
crack (of length, da) in the cell. Subsequent analyses are based on
the value of that instantaneous crack length. The displacements
are denoted by u and are associated with a subscript and super-
script. The subscript corresponds to direction of displacement
(either x, x1, x2, or z) whereas the superscript corresponds to ele-
mental block number (labeled 1 through 4). We assume that in
all the elemental blocks, the variation of displacements is a func-
tion of either x, x1, or x2. The elemental strains are thus deﬁned
as follows:
Elemental block #1:
e1xx ¼
du1x
dx1
ð1Þ
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c1xz ¼
du1z
dx1
ð3Þ
Elemental block #2:
e2xx ¼
du2x
dx2
ð4Þ
e2zz ¼ 0 ð5Þ
c2xz ¼
du2z
dx2
ð6Þ
Elemental block #3:
e3xx ¼
du3x
dx
ð7Þ
e3zz ¼ 0 ð8Þ
c3xz ¼
du3z
dx
ð9Þ
Elemental block #4:
e4xx ¼
du4x
dx
ð10Þ
e4zz ¼ 0 ð11Þ
c4xz ¼
du4z
dx
ð12Þ
The stresses in the elemental blocks (i = 1, . . . ,4) have been com-
puted as follows:
rixx ¼ Cc11eixx þ Cc22eizz ð13Þ
rizz ¼ Cc22eixx þ Cc33eizz ð14Þ
rixz ¼ Cc44cixz ð15Þ
The blocks have been considered as an orthotropic material. Thus,
we have
S11 ¼ 1E1 ; S22 ¼
1
E2
; S33 ¼ 1E3 ; S12 ¼ 
t12
E1
; S23 ¼  t23E2 ;
S13 ¼  t13E3 ; S44 ¼
1
G23
; S55 ¼ 1G13 ; S66 ¼
1
G12
;
S ¼ S11S22S33  S11S23S23  S22S13S13  S33S12S12 þ 2S12S23S13;
and therefore
Cc11 ¼
1 t223
E2E2S
; Cc22 ¼
t12t23 þ t13
E1E2S
; Cc44 ¼
1
S55
; Cp44 ¼
1
Ga
;
Cp22 ¼
Ea
ð1þ taÞð1 2taÞ ; and
Cp33 ¼
Eað1 taÞ
ð1þ taÞð1 2taÞ :
The strains and the stresses in the biopolymer are obtained as
follows:
epxx ¼
1
2
du3x
dx
þ du
4
x
dx
 !
ð16Þcpxz ¼
1
g
u4x  u3x
  ð17Þ
epzz ¼
1
g
u3z  u4z
  ð18Þ
rpzz ¼ Cp22epxx þ Cp33epzz ð19Þ
rpxz ¼ Cp44cpxz ð20Þ
where, g denotes polymeric thickness and rpzz, rpxz denotes normal
(peel) stress and shear stress in the polymer respectively.2.1. Solution scheme for elemental displacements
Force equilibrium on the elemental blocks leads to the develop-
ment of following governing differential equations of the system,
given by
d2u1x
dx21
¼ 0 ð21Þ
d2u1z
dx21
¼ 0 ð22Þ
d2u2x
dx22
¼ 0 ð23Þ
d2u2z
dx22
¼ 0 ð24Þ
d2u3x
dx2
M1 u3x  u4x
  ¼ 0 ð25Þ
d2u4x
dx2
þM1 u3x  u4x
  ¼ 0 ð26Þ
d2u3z
dx2
M2 du
3
x
dx
þ du
4
x
dx
 !
M3 u3z  u4z
  ¼ 0 ð27Þ
d2u4z
dx2
þM2 du
3
x
dx
þ du
4
x
dx
 !
þM3 u3z  u4z
  ¼ 0 ð28Þ
where M1 ¼ C
p
44
bgCc11
, M2 ¼ C
p
22
2bCc44
, and M3 ¼ C
p
33
bgCc44
. The boundary
conditions of the system are given by
u1z

x1¼0 ¼ 0 ð29Þ
u2x

x2¼0 ¼ 0 ð30Þ
du1x
dx1

x1¼0
¼ 0 ð31Þ
du1z
dx1

x1¼0
¼ 0 ð32Þ
du4z
dx

x¼L2
¼ 0 ð33Þ
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dx

x¼L2
¼ r
Cc11
ð34Þ
du2x
dx2

x2¼0
¼ r
Cc11
ð35Þ
du4x
dx

x¼L2
¼ 0 ð36Þ
du2z
dx2

x2¼0
¼ 0 ð37Þ
du3z
dx

x¼L2
¼ 0 ð38Þ
where, L1 ¼ a0 and L2 ¼ Lo  a0. The continuity equations for forces
across the element boundaries are thus given by
du1x
dx1

x1¼L1
¼ du
3
x
dx

x¼0
ð39Þ
du1z
dx1

x1¼L1
¼ du
3
z
dx

x¼0
ð40Þ
du2x
dx1

x1¼L1
¼ du
4
x
dx

x¼0
ð41Þ
du2z
dx1

x1¼L1
¼ du
4
z
dx

x¼0
ð42Þ
The continuity equations for displacements across the element
boundaries are deﬁned as follows:
u1x

x1¼L1 ¼ u
3
x

x¼0 ð43Þ
u1z jx1¼L1 ¼ u3z jx¼0 ð44Þ
u2x

x2¼L1 ¼ u
4
x

x¼0 ð45Þ
u2z

x2¼L1 ¼ u
4
z

x¼0 ð46Þ
We thus have coupled second-order linear differential equa-
tions subjected to homogenous boundary conditions. The govern-
ing equations corresponding to each elemental blocks are solved
ﬁrst which results in 16 constants of integration. The unknown
constants of integration are determined from the boundary condi-
tions and continuity conditions of the system to ﬁnally obtain the
generalized displacements associated with each elemental block.
2.2. Computation of crack driving force (CDF)
As per linear elastic fracture mechanics, energy released from
the propagation of a crack is equivalent to work needed to close
that small crack propagation. The energy release rate (or rather,
rate of energy input) is representative of the severity of load acting
on the inﬁnitesimal crack in the biopolymer layer. It is also repre-
sentative of energy-ﬂux to crack tip which acts a driving force for
quasi-static advancement of crack and subsequently fracture. Thus
in our present analyses energy release rate ahead of the crack tip
will be henceforth perceived as crack driving force.As mentioned previously, considering plane strain conditions,
we assume a virtual crack tip displacement by an amount da.
The parent crack tip at point C splits into points A and B, and trans-
lates to point C’. Crack driving force ahead of a crack-tip due to an
incremental increase in crack length is equivalent to work (or
rather, energy) required to close that inﬁnitesimal increment and
is thus computed as follows (Yang et al., 2008):
G ¼ W
da
¼ 1
2da
Nc uBx  uAx
 þ Qc uBz  uAz   ð47Þ
where,W represents the work required to close the virtual crack. As
shown in Fig. 2(d and e), shear and normal force resultants Nc and
Qc respectively can be computed as follows:
Nc ¼ 
Z da
x¼0
rpxzdx ð48Þ
Qc ¼
Z da
x¼0
rpzzdx ð49Þ
rpxz and rpzz are obtained from the solution of the problem prior to
virtual crack-tip extension. uAx , u
A
z , u
B
x and u
B
z are found out by solving
the problem by substitution of overlap length L2 ¼ Lo  a0 by
L2 ¼ Lo  a0  da and by using the following relations:
uAx ¼ u2x

x2¼a0da ð50Þ
uAz ¼ u2z

x2¼a0da ð51Þ
uBx ¼ u1x

x1¼a0da ð52Þ
uBz ¼ u1z

x1¼a0da ð53Þ
The unit-cell structure in the nacreous layer of seashells is rep-
resentative of an adhesive joint and in order to better understand
the crack initiation and growth process, it is imperative to extract
the crack driving force contributions associated with both mode-I
and mode-II, and thus we introduce the mode-mixity parameter.
In order to investigate the effect of components of crack driving
force that contributes to crack initiation, Eq. (47) can alternatively
be written as
GII ¼ 12da Nc u
B
x  uAx
   ð54Þ
GI ¼ 12da Qc u
B
z  uAz
   ð55Þ
MMP ¼ tan1 GII
GI
 
ð56Þ
where, GII, GI and MMP denotes mode II crack driving force, mode
I crack driving force and mode mixity parameter respectively. For
pure mode I failure, MMP = 0 and for pure mode II failure,
MMP = p2.
2.3. Limitations associated with the analytical model
Although the ductile nature of the biopolymer contributes to
energy dissipation in nacre (and tough composite systems), in a re-
cent investigation by Dimas and Buehler (2013), using molecular
mechanics models they showed that large scale-toughening in
staggered architecture composites is strongly induced by purely
elastic effects (linear elastic perfectly brittle constitutive relations
for the matrix and reinforcements) and is strongly dependent upon
the stiffness ratio (or, stiffness mismatch) of the constituents.
Fig. 3. Variation of interfacial shear stress (at the extremities of the overlap) as a
function of varying overlap length and pre-crack. The ﬁgure in the inset shows the
expanded view for lower shear levels in the unit cell.
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by elastic properties of its constituents. This feature is similar to
that observed in biological composite materials. Hence in our anal-
ysis, we have considered the biopolymer to exhibit linear elastic
behavior, as given by Eq. (20), and assumed perfect bonding be-
tween the constituent materials.
In our current study, the microstructural resistance to crack ini-
tiation has been associated from a local perspective in terms of
crack driving force. Lower the value of crack driving force, higher
is the microstructural resistance associated with the unit-cells to
crack initiation. At this stage, we would like to point out that ap-
plied stress levels responsible for crack initiation could possibly
be higher than the stress values actually required to cause fracture.
Since the foundation of the model is based upon linear elastic
deformation conditions, speciﬁc levels of external energy are
needed to be applied (to generate appropriate level of rate of en-
ergy input – CDF to surpass corresponding fracture resistance)
might possibly be over predicted. It has been reported in the past
that inelastic energy dissipation associated in the process zone
(Barthelat and Espinosa, 2007), viscoplastic deformation and
microvoid coalescence mechanisms do contribute to a signiﬁcant
extent on the rate of energy dissipation in the forward zone asso-
ciated with the crack-tip (as was shown in Fig. 1). Note that under
quasi-static rates of loading, the precursor to inelastic deforma-
tions is tablet sliding where the tablets start to slide upon one an-
other once the shear strength of the material has been reached.
Also under high strain-rate loading, the bio-polymer in the nacre-
ous layer is expected to behave in a hard and brittle manner (Zach-
ary and Burger, 1980) which would lead to conditions favoring
brittle fracture and thereby, linear elastic conditions can be as-
sumed without signiﬁcant loss of ﬁdelity.3. Results and discussion
It has already been reported in the past by Jackson et al. (1988)
that approximately a third of the toughness of wet nacre samples
has been associated with tablet pull-out. As per the TSC model pos-
tulated by Gao et al. (2003) the inter-platelet load transfer occurs
via shearing deformation of the polymer in its existing overlap
length. The question is whether this length scale in Nature is asso-
ciated with optimizing the structure–property correlationship? If it
is the latter one, what are those mechano-biological principles that
are operating underneath?
In order to test the validity of the analytical model, the variation
of shear stress at mineral biopolymer interface is plotted for vary-
ing overlap lengths and pre-crack in the unit cell as shown in Fig. 3.
The properties of the mineral component in the nacreous layer
(Barthelat et al., 2006) are: E1 = 144 GPa, E2 = 76 GPa, E3 = 82 GPa,
G12 = 47.2 GPa, G13 = 25.6 GPa, G23 = 41.3 GPa, m12 = 0.44,
m13 = 0.06, m23 = 0.18, 2b = 0.5 lm. The properties of the biopoly-
mer layer in nacre (Xu et al., 2011) are: Ep = 10.57 GPa, Ga = 1.4 -
GPa, ma = 0.45, g = 20 nm. The observed overlap length in the
nacreous layer is reported to be 1.67 lm (Espinosa et al., 2011).
When an external load is applied, interfacial shear stress attains
a maximum value at the extremities of its overlap. As it can be seen
from Fig. 3, the maximum interfacial shear stress (at the ends of
the joint) attains a minimum value for overlap length exceeding
2–2.5 lm and reaches the shear strength of the biopoly-
mer  37 MPa (Jackson et al., 1988). This observation is in direct
agreement with those obtained by Dutta et al. (2013) in their esti-
mation of characteristic overlap length in nacre under dynamic
rates of loading respectively. The region to the right-hand side of
2–2.5 lm might be considered as the preferred zone as it contrib-
utes to a minimization of shear stress at the interface andoptimizes intertablet load transfer via shear deformation of the
intermediate biopolymer.
Intrinsic toughening is dependent upon material properties and
independent of length of crack or geometry of test specimen (ex-
cept plane stress/plane strain). This brings into forefront that crack
driving force to initiate fracture is a result of dissipation mecha-
nism associated with intrinsic toughening. Fracture toughness of
the organic matrix varies between 20 mJ/m2 and 160 mJ/m2 (Song
et al., 2003) whereas intrinsic fracture toughness of the organic
interface has an upper limit varying between 400 mJ/m2 and
1000 mJ/m2 (Rabiei et al., 2010). This value is comparable to the
mineral toughness in the nacreous layer. This wide variation can
be associated with viscoelastic nature of the biopolymer, presence
of nanoasperities, mineral bridges or a combination of all the
modes.
The question that can be posed at this stage is what is that
optimal overlap length which would delay crack initiation follow-
ing tablet sliding and enhance interface strengthening to the
maximum extent possible? As per energy principles, cracks
choose the most energetically favorable path or the path of
least-resistance. Thus, once the crack driving force ahead of the
crack-tip reaches fracture resistance of the biopolymer and/or
the interface, the crack will initiate and start to grow in the
unit-cell. Under a given set of loading conditions, if overlap length
is adopted such that crack tip driving forces required for crack
initiation can be kept to a minimum, higher will be load that fur-
ther needs to be applied to elevate the energy required attain the
fracture resistance of the barrier(s) to promote delamination in
the unit-cell. This would in-turn raise the toughness associated
with the individual unit-cells which would contribute to global
toughness of the composite. Fig. 4 shows the variation of crack
driving force against overlap length for varying pre-crack lengths
in the nacreous layer.
As it can be seen from Fig. 4, under the application of a given
stress, crack driving force is limited to a minimum value for an
overlap length of approximately 1.6–2.5 lm. In fact, the crack driv-
ing force value corresponding to this overlap length scale range is
less than or comparable to the fracture resistance of the biopoly-
mer. This provides a basis as to why nacre adopts 1.69 lm as its
characteristic overlap length, not only to maximize its load-trans-
fer capability but at the same time provide resistance to crack ini-
tiation to the maximum extent possible via minimization of crack
driving force.
Fig. 4. Plot of crack driving force as a function of overlap length in nacre for varying pre-crack lengths and incremental crack-length da = 0.05 lm (a) and, da = 0.15 lm (b).
Fig. 5. Variation of crack driving force against applied stress for overlap length on
either end of the characteristic value in the nacreous layer.
Fig. 6. Mode mixity parameter as a function of overlap length for a given pre-crack
length.
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the response associated with the unit cells, Fig. 5 highlights the ef-
fect of stress levels needed to generate appreciable crack driving
force for crack initiation corresponding to values of overlap length
on either side of the characteristic length in the nacreous layer. It
can be seen that if overlap lengths are smaller than characteristic
length, signiﬁcantly lower stress levels are sufﬁcient to reach crack
driving force values to surpass biopolymer fracture resistance (hor-
izontal dotted blue line in Fig. 5). Similarly, if the overlap lengths
are larger than characteristic length, it does not contribute to any
additional property enhancement; it simply increases the weight
of the entire bonded unit (about 8%) due to an increasing overlap-
ping area (from 2.5 lm to 3.0 lm). That explains the reason behind
choice of characteristic length scales by Nature in the nacreous
layer. Additionally, at this stage we would like to highlight the fact
that the stress levels that are needed to be actually applied would
be less than those reported above. This can be explained as follows.
Energy input to initiate and drive the crack is obtained from the en-
ergy that is applied to the system externally. Since linear elastic
deformation was a key assumption en route to model develop-
ment, corresponding stress values are thereby very large. In reality,
the same energy is input to the system via elastic–plastic deforma-
tion (shown in the inset) and thereby stress levels required for
crack initiation would be less than those reported above.As mentioned previously, the unit-cell structure in the nacreous
layer of seashells is representative of an adhesive joint and in order
to better understand the crack initiation and growth process, it is
imperative to extract the crack driving force contributions associ-
ated with both mode-I and mode-II, and thus we introduce the
mode-mixity parameter. Clearly it can be seen with reference to
Fig. 6 that the relative magnitude associated with mode-I and
mode-II are dependent upon the overlap length in a premeditated
manner. For pure mode-I failure, MMP = 0 and for pure mode-II
failure, MMP = 90.
With reference to Fig. 6, substantial contributions from mode-II
component are likely to ensue crack initiation and subsequent
growth via interfacial failure within the unit cell. The inset in
Fig. 6 shows the strength of the nacreous layer under different
loading conﬁgurations (Menig et al., 2000). Of all the loading con-
ﬁgurations, it can be seen that the nacreous layer is extremely
weak under peeling. In order to provide maximum resistance
against peeling, choice of overlap length is kept at a characteristic
value (1.6–2.5 lm) in order to promote maximum resistance
against peeling and thereby ensuing initiation and propagation
via shear within the unit cells.
Existing literature in the experimental work on the nacreous
layer associates toughness with signiﬁcant contribution of inelastic
deformations (Barthelat and Espinosa, 2007) and occurrence of
‘process zone’ (Barthelat and Rabiei, 2011). Nonetheless, these
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gion around the vicinity of cracks. The crack trajectory is extremely
meandering. Upon the application of external loading, numerous
micro-cracks/voids are generated in all the unit-cells associated
with the forward region in the damage zone as shown in Fig. 1.
With progressive loading, the coalescence occurs between the
crack propagating through the compliant biopolymer in the unit-
cells and the micro-voids, which subsequently promotes jump
from one row of tablets to other, thereby rendering the crack path
through the damage zone extremely tortuous. The question posed
at this juncture how do the cracks propagating through the bio-
polymer layer in the unit-cells suddenly propagate from one row
of tablets to another?
The current problem at hand represents mixed-mode crack
propagation. Taking into consideration Grifﬁth’s energy theory as
the valid criteria which explains crack growth, kinking of the crack
will take place and the crack will grow in the direction (h) along
which the crack driving force per unit crack extension attains a
maximum value. As it can be seen from Figs. 7 and 8, the initiation
and propagation of the crack in the unit-cells is primarily shear
dominated throughout a majority of the overlap length. As the
overlap length narrows down appreciably, the crack kinks at an an-
gle through the biopolymer at an angle of approximately 75. This
probably accounts for the reason as to why the crack does not run
through completely in a given row and thus highlights the role of
boundary on fracture propagation. This large angle contributes to
increased path length and thereby could possibly lead to additional
toughening and robustness of the system (Dimas and Buehler,
2013).
At this stage, there would be an obvious interest in investigating
the role of characteristic overlap length on the kinking angle. With
reference to Fig. 9(a), it can be clearly seen that characteristic over-
lap length has minimal effect on the angle of kinking. Noteworthy
feature is the interdependence of shear modulus of the polymer
upon the kinking angle. As it can be seen from Fig. 9(b), if the shear
modulus of the polymer is increased tenfold, the crack driving
force values are fairly low and remain practically constant whereas
if the shear modulus is reduced by a factor of 10, the crack driving
force value attain signiﬁcantly high values and a prominent kink-
ing angle. Thus it can be clearly seen that interdependence of
material properties plays a superior role in kinking of a crack andFig. 7. Variation of crack driving force upon overlap length for varying pre-crack length a
kinked crack attains a maximum value (b) for varying pre-crack length (0.09–1.29 lm).crack driving force values are signiﬁcantly dependent upon elastic
modulus mismatch of the constituent materials (Dimas and Bueh-
ler, 2013). These observations are in reasonable agreement with
those reported by Okumura and de Gennes (2001) and He and
Hutchinson (1989). He and Hutchinson (1989) mentioned that
stress intensity factors of the kinked crack are a function of Dun-
durs parameters namely a and b, which in-turn are dependent
upon the shear modulus and Poisson’s ratio of the participating
materials. Thus, characteristic overlap length is predominantly
responsible for minimizing crack driving force and thereby
enhancing interface strengthening to the maximum extent
possible.
Overall, by the time crack driving force attains a value which is
comparable to the fracture resistance associated with the mineral
or tablet, it has almost reached the very edge of the joint. The sharp
kinking angle thereby is responsible for connecting associated
cracks in unit-cells of other rows, and thereby rendering the overall
trajectory extremely tortuous as shown in Fig. 10(a).
The current analytical model is only an approximate model for
the nanocomposite structure. It should be noted that crack propa-
gation process is inelastic in nature (associated with molecule
bond breaking process); however in a simpliﬁed manner, growth
of bondline crack can be perceived as alteration of geometry asso-
ciated with the overlap to account for changes in the load path and
thereby, this approach was followed to get a preliminary under-
standing of the crack propagation process.
Under static loading conditions, characteristic lengths predicted
were essentially based on (a) stress transfer point of view,
L ¼
ﬃﬃﬃﬃﬃﬃﬃ
2Ebh
G
q
, as was postulated by Chen et al. (2009) and, (b) maxi-
mizing elastic strain energy density, L ¼ 2:318
ﬃﬃﬃﬃﬃ
Ebh
G
q
, as postulated
by Wei et al. (2012). Similarly under dynamic rates of loading,
characteristic length was predicted based on maximum shear
transfer efﬁciency point of view, Loptimal ¼Minimize½sðx; tÞL, as
was postulated by Dutta et al. (2013). In this article, we have
shown using fracture mechanics concepts (under quasi-static rates
of loading) that characteristic length exists in the nacreous layer in
seashells which is based upon the existence of upper and lower
bounds as given by equation (57) below:
Lcharacteristicð CDFminÞ 6 Loptimal 6 Lcharacteristicð sminÞ: ð57Þssociated with the primary crack. (a) The angle (h) at which crack driving force of the
(c) Schematic of the kinking angle.
Fig. 8. Variation of crack driving force upon overlap length for varying pre-crack length associated with the primary crack. (a) Figure (b) identiﬁes the angle (h) at which crack
driving force of the kinked crack attains a maximum value for a pre-crack length of 1.49 lm.
Fig. 9. Dependence of crack driving force on the angle of kinking for varying overlap lengths (a) and shear modulus (Ga) of the adhesive (b).
Fig. 10. (a) Schematic of staggered architecture of calcium carbonate bricks (shown
in green) in biopolymer matrix (shown in yellow); (b) expanded view of the unit
cell structure (with plane strain inﬁnitesimal deformation) highlighting the
elemental blocks and the original overlap length (Lo); (c) crack trajectory through
the overlap length and kinking of the crack from one unit cell to another. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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Eq. (57) would provide no additional structural property enhance-
ment, but would only add to weight of the adhesively bonded unit.
Similarly, too far a deviation of optimal length on the left handbound of Eq. (57) might produce a further light weight design;
however, it would at the same time reduce the load withstanding
capability rendering it more prone to fracture via increasing crack
driving force ahead of the crack tip and simultaneously raising the
shear stress in adhesive beyond its allowable limit/strength. Thus,
the optimal length scale criterion, as given by Eq. (57), serves as an
important design guideline in the not only in synthesizing stag-
gered architecture composites but adhesively-bonded structures
as well which would be both light-weight and tough. Note that if
the reinforcement thickness is constant, then the same design
guideline can be expressed in terms of an optimum aspect ratio cri-
terion as well. In order to validate our claim, in the subsequent
paragraphs we illustrate the unanimity that exists between our
model predictions against previously published experimental data
followed by a process ﬂow schematic to design staggered architec-
ture composites with optimized performance.3.1. Validation by experimental data
Lucic´ et al. (2006) investigated the existence of optimal overlap
length in single lap adhesive bonded joint comprising of Al99.5 as
the adherend material and Loctite 3421 as the (two-component)
structural adhesive. The thickness and width of the adherend
was 30 mm and 1.95 mm respectively. The thickness of the adhe-
sive was 0.15 mm. The overlap length was varied from 15 mm to
60 mm to explore optimal overlap length which corresponds to
maximizing the joint strength. Using the same geometrical and
material parameters as were used in their investigation, in our cur-
Fig. 11. Existence of optimal length scale, as predicted by the analytical model, for an Al99.5-Loctite 3421 single lap adhesive bonded joint.
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per our design criterion as given by Eq. (57), gave similar results
against their experimental observations. As it can be seen from
Fig. 11, optimal length scale predicted by the model lies in the
range of 30–35 mm.
Optimal length observed experimentally by Lucic´ et al. (2006)
lie in the range of 35–50 mm and thus, model predictions are in
reasonable agreement with previously reported experimental data
and thus, justiﬁes the efﬁcacy of our proposed design guideline.
Note that, the unit for change in shear stress and CDF in Fig. 11
is MPa and J/m2 respectively.3.2. Design guideline
As mentioned previously, Nature optimizes stiffness, strength
and toughness by ﬁne tuning the ceramic content and aspect ratio
of ceramic platelets. If the same strategy were to be applied to syn-
thetic composite design, choice of participating materials and
manufacturing technique need to go hand-in-hand so that an opti-
mized performance can be attainable in synthetic composites.
Fig. 12 shows the design guideline that can be adopted from the
current study with the help of an associated example with respect
to composite design.
Assuming that epoxy matrix, reinforcement material, starting
particle size and volume fraction are known (ﬁxed) beforehand,
based on structural property enhancement desired, different opti-
mized aspect ratios exist based on either stiffness, load-transfer
and toughness via maximization of Young’s modulus, minimiza-
tion of maximum shear stress and minimization of crack drivingFig. 12. Design guideline for synthetic composite showing the interplay of
optimization scheme and manufacturing technique.force respectively. Based on a judicial choice of aspect ratio, the
manufacturing technique technique can be adjusted accordingly.
Thus under quasi-static loading conditions, choice of character-
istic overlap length ensures optimal combinations both from the
perspective of weight reduction, maximum interfacial shear resis-
tance, resistance to crack initiation, and consequently superior
toughness. In our current investigation, nacre has been chosen as
the structural biological composite for illustrative purposes. Fea-
ture drawn from current analysis can be adapted as an important
guideline for designing adhesive bonded structures and staggered
architecture materials at any level of scale. The outcome of the cur-
rent research will thereby provide beneﬁcial guidelines in design-
ing hybrid bio-inspired protective composite materials (Dutta
et al., 2012).4. Conclusions
In our current investigation, we showed the inﬂuence of struc-
tural overlap length on minimizing delamination in the unit-cells
to the maximum extent possible via development of an analytical
model. The main outcome of the developed analytical model was
to provide a simpliﬁed expression for crack driving force in terms
of local ﬁnite stress concentrations in the biopolymer layer of
nacre. Based on the above analysis, we have attempted to address
that the ‘well-made’ structure of the nacreous layer is built with
respect to two bounds: a lower-bound based on an energy criteria
(to allay crack-initiation) and an upper-bound based on stress cri-
terion (to improve load-transfer/shear-transfer efﬁciency). Ex-
cerpts drawn from the current study would provide beneﬁcial
guidelines in designing light-weight and tough adhesively bonded
structures and staggered architecture composites.Acknowledgement
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